The prefrontal cortex (PFC) mediates higher cognition but is impaired by stress exposure when high levels of catecholamines activate calcium-cAMP-protein kinase A (PKA) signaling. The current study examined whether stress and increased cAMP-PKA signaling in rat medial PFC (mPFC) reduce pyramidal cell firing and impair working memory by activating KCNQ potassium channels. KCNQ2 channels were found in mPFC layers II/III and V pyramidal cells, and patch-clamp recordings demonstrated KCNQ currents that were increased by forskolin or by chronic stress exposure, and which were associated with reduced neuronal firing. Low dose of KCNQ blockers infused into rat mPFC improved cognitive performance and prevented acute pharmacological stress-induced deficits. Systemic administration of low doses of KCNQ blocker also improved performance in young and aged rats, but higher doses impaired performance and occasionally induced seizures. Taken together, these data demonstrate that KCNQ channels have powerful influences on mPFC neuronal firing and cognitive function, contributing to stress-induced PFC dysfunction.
Introduction
The prefrontal cortex (PFC) guides behavior by representational knowledge, a process often probed using working memory (WM) tasks in rodents, monkeys and humans. Lesions to the medial PFC (mPFC) in rats impair spatial WM performance (Larsen and Divac, 1978) , while recordings from this region show neurons with persistent firing during the delay period, which are thought to mediate WM . Exposure to either acute or chronic uncontrollable stress impairs PFC WM functions, a finding of great relevance to the etiology of mental disorders (A. F. Arnsten, 2015) . For example, both schizophrenia and bipolar disorder are characterized by PFC dysfunction (Blumberg et al., 2003; Hoftman et al., 2017; Weinberger et al., 1986) , and are exacerbated by stress exposure (Docherty et al., 1994; Leverich et al., 1990) . Furthermore, recent evidence suggests that the degenerative process in Alzheimer's disease may also be exacerbated by stress exposure during aging (Johansson et al., 2013) . Thus, understanding the molecular mechanisms by which stress causes PFC dysfunction has a direct clinical relevance.
Research to date has found that stress weakens PFC network connections, reduces PFC neuronal firing, and impairs working memory performance through high levels of catecholamine release in the PFC, which in turn activate feedforward calcium-cAMP signaling to open HCN channels (A. F. Arnsten, 2015) . Acute mild stress exposure can impair PFC cognitive functions in rodents (Murphy et al., 1996; Shansky et al., 2006) , monkeys (A. F. T. Arnsten and Goldman-Rakic, 1998; Murphy et al., 1996) , and humans (Hartley and Adams, 1974; Qin et al., 2009 ). These studies have used a variety of environmental stressors (e.g. restraint stress in rats, noise stress in monkeys and humans). They have also used the benzodiazepine inverse agonist FG7142 to induce a stress response, as it activates anxiety circuits, mimics the effects of environmental stressors, and induces glucocorticoid release in blood and catecholamine release in the PFC. For example, FG7142 has been shown to induce glucocorticoid release in rodents (Leidenheimer and Schechter, 1988; Patki et al., 2015) , monkeys (Ninan et al., 1982) and humans (Dorow et al., 1983) , and https://doi.org/10. 1016/j.ynstr.2019.100187 Received 23 December 2018; Received in revised form 21 June 2019; Accepted 23 July 2019 has been shown to activate a fear/anxiety circuit in rodent brain (Singewald et al., 2003) . Thus, FG7142 can be a useful experimental tool. FG7142 also has the advantage of being active during cognitive testing, in contrast to stressors such as restraint stress where the animal can only be tested after release from the stressor. There is extensive evidence that stress-induced working memory deficits arise from excessive catecholamine actions in the PFC, engaging feedforward cAMPcalcium signaling to open HCN channels and reduced neuronal firing (A. F. Arnsten, 2015) . For example, the cognitive deficits induced by environmental stressors or FG7142 can be reversed by dopamine D1R (A. F. T. Arnsten and Goldman-Rakic, 1998; Murphy et al., 1996) or norepinephrine alpha-1R (S. G. Birnbaum et al., 1999) blockade, or by blocking HCN channels in PFC (N.J. Gamo et al., 2015) . Conversely, stress-induced working memory deficits can be mimicked by increasing D1R (A. F. T. Arnsten et al., 2015;  N.J. Gamo et al., 2015; Vijayraghavan et al., 2007; J. Zahrt et al., 1996) or alpha-1R (S. B. Birnbaum et al., 2004; Mao et al., 1999) stimulation in the PFC, or by activating cAMP-PKA signaling (J. R. Taylor et al., 1999; Wang et al., 2007) . For example, high levels of dopamine D1R stimulation increase cAMP signaling, which opens nearby HCN channels, reduce PFC neuronal firing, and impair WM in rats and monkeys (N. J. Gamo et al., 2015) .
Similar mechanisms contribute to age-related WM deficits, where cAMP signaling is disinhibited in the aged rodent and primate PFC due to loss of phosphodiesterase PDE4A (Carlyle et al., 2014; Ramos et al., 2003) . For example, age-related WM deficits correlate with increased protein kinase A (PKA) signaling in mPFC (Ramos et al., 2003) . Recordings from the dorsolateral PFC (dlPFC) in monkeys have found an age-related decline in persistent firing that could be normalized by inhibiting cAMP opening of HCN channels (Wang et al., 2011) . Intriguingly, neuronal firing in aged dlPFC could also be restored through blockade of KCNQ channels (Wang et al., 2011) , potassium channels whose open state is increased by cAMP activation of PKA. These data suggest that KCNQ channels may also play a key role in WM impairment with age or stress.
KCNQ channels are of great interest, as they have powerful influences on firing patterns (Greene and Hoshi, 2017; Gu et al., 2005; Guan et al., 2011; Peng et al., 2017; Santini and Porter, 2010; Yue and Yaari, 2004) , and because their open state is regulated by many neuromodulators and second messenger actions, and thus can serve as the intermediary for altering neuronal excitability based on arousal state (Delmas and Brown, 2005; Greene and Hoshi, 2017) . KCNQ channels are also called Kv7 channels or "M" channels (mediating the M-current, I M ), as they are closed by muscarinic receptor stimulation (Brown and Adams, 1980; Delmas and Brown, 2005) . The 4 isoforms of KCNQ channels: KCNQ2, KCNQ3, KCNQ4 and KCNQ5 (Delmas and Brown, 2005; Jentsch, 2000) can form homomers or heteromers, e.g. KCNQ2/KCNQ3 or KCNQ3/ KCNQ5. Importantly, the open state of the KCNQ2 isoform, and its heteromer KCNQ2/KCNQ3, are increased by PKA phosphorylation. This mechanism likely plays a negative feedback role to prevent seizures in a recurrent network, as mutations that prevent PKA phosphorylation of KCNQ2 are associated with seizures (Delmas and Brown, 2005; Schroeder et al., 1998) . KCNQ2 mRNA is expressed in neurons in both the superficial and deep layers of rat medial PFC (Saganich et al., 2001) , indicating that these receptors may influence neuronal firing in PFC.
We hypothesize that large increases in KCNQ2 opening may also contribute to reduced PFC neuronal firing and induce cognitive deficits during acute or chronic stress exposure (A. F. Arnsten, 2015) , and with advanced age (Carlyle et al., 2014; Ramos et al., 2003) when cAMP-PKA signaling is increased, and WM is impaired. The role of KCNQ channels in PFC physiology and working memory function was tested in rats, in which intracellular recordings of KCNQ currents were performed from the prelimbic mPFC neurons. We utilized bath application of forskolin to mimic the acute stress response in vitro, and administrated FG7142 systemically to test for effects on stress-induced working memory deficits. The findings show that cAMP-PKA signaling or stress exposure increases KCNQ currents, reduces mPFC pyramidal cell firing, and impairs WM performance.
Materials and methods
All procedures described followed the National Institutes of Health guidelines outlined in "Preparation and Maintenance of Higher Animals During Neuroscience Experiments" (publication 91-3207) and were approved by the Yale University Institutional Animal Care and Use Committee.
Immunohistochemistry
For KCNQ2 channel immunolabeling, 3 male, 4 to 6-week-old Sprague-Dawley rats were anesthetized with Nembutal (50 mg/mL, i.p.) and perfused transcardially with 4% paraformaldehyde, 0.05% glutaraldehyde and 0.2% picric acid in 0.1 M phosphate buffer (PB; pH 7.4). The brains were removed and sectioned coronally at 60 μm. Sections of the mPFC were transferred for 1 h to Tris-buffered saline (TBS) containing 5% bovine serum albumin, plus 0.05% Triton X-100 to block non-specific reactivity, and incubated in mouse KCNQ2 channel antibody (clone S26-A-23; Abcam, Cambridge, MA; labels a protein of appropriate molecular weight: https://www.abcam.com/kcnq2-antibody-n26a23-ab84812.html#description_images_3) at 1:100 in TBS for 48 h at 4°C. Next, sections were incubated in goat anti-mouse biotinylated antibody (Vector Laboratories, Burlingame, CA) at 1:300 in TBS for 2 h, and developed using the Elite ABC kit (Vector Laboratories) and diaminobenzidine (DAB) as a chromogen. In a parallel set of experiments, 200 μm-thick sections from the series prepared for electrophysiological recordings were immersion-fixed in 4% paraformaldehyde in PB overnight, and immunolabeled for KCNQ2 channels as described above. Omission of the primary antibody eliminated all labeling (see Fig. 1d ). Sections were mounted on microscope slides and examined and photographed under an Axiophot microscope equipped with Axiocam camera (Zeiss, Jena, Germany).
Slice preparation and electrophysiology
Acute mPFC slices (200-350 μm) including the prelimbic, infralimbic, and cingulate cortices anterior to the corpus callosum, were extracted from adult 6-15 week-old male Sprague-Dawley rats (Hagenston et al., 2008) . Recordings were made from pyramidal cells in the prelimbic region of the mPFC from both superficial (II/III) and deep (V) layers and were performed in a chamber continuously perfused (1-2 mL/min) with oxygenated and warmed (31-33°C) artificial cerebrospinal fluid containing (in mM): 124 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 2 MgCl2, 2 CaCl2, 10 dextrose. Recordings were made from visualized mPFC pyramidal neurons using an upright Zeiss Axioskop 2 FS or Olympus BX51WI with DIC optics. Recording electrodes (3-5 MΩ) were filled with (in mM): 134 KMeSO4, 3.0 KCl, 10 HEPES, 1.0 MgCl2, 4.0 Mg-ATP, 0.5 Na-GTP, 5 K2-phosphocreatine, 5.0 Na2phosphocreatine (pH 7.5,~288 mOsm). The inert fluorescent dye Alexa 488 was also included in some recordings for better visualization of neuronal processes (5-15 μM). Whole-cell patch-clamp recordings of mPFC pyramidal neurons were performed using either SEC 05L (NPI, Electronic, Tamm, Germany) or Multiclamp 700B (Molecular Device) amplifiers. Neurons > −50 mV were discarded, regardless of the treatment. Whole-cell series resistance was between 10 and 20 MΩ for all cells; more than 20% variation led to rejection of the cell. Voltage-clamp recordings of KCNQ currents were performed using the same amplifier. Access and holding current were continuously monitored for stability, and a 20% increase led to rejection of the recorded cell from analysis. Averaged resting membrane potential was −60.53 ± 0.47 mV for control and −59.83 ± 0.73 mV for the stressed group. All data collection and data analysis software were custom written in the IGOR Pro programming environment (WaveMetrics, Portland, OR).
KCNQ current recordings
We used the voltage-clamp protocol first described by Constanti A. and Brown D.A. in 1981, which involves depolarizing the cell membrane from its resting membrane potential of~−63 mV to holding potentials of -40 mV for 1 s duration, followed by hyperpolarizing steps of 20 mV over 1 s duration and a step back to -40 mV (for 2 more sweeps) before returning to holding potential of~−63 mV (at the end of the 3rd sweep). KCNQ currents were averaged from 3 sweeps per set of recordings. The cell was held near resting membrane potential between periods of KCNQ current recording. Recordings of KCNQ currents in mPFC pyramidal neurons were performed in the presence of Na + , Ca 2+ and HCN channels blockers (TTX: 1 μM; CdCl2: 200 μM; ZD7288: 10 μM). These blockers were not used during currentclamp experiments. To quantify the magnitude of the KCNQ current, we analyzed the amplitude of the outward current (I out or holding current) induced by depolarizing the membrane from its resting membrane potential of (~−63 mV) to~−40 mV for 1 s duration before and after drugs. We also measured the relaxation of KCNQ currents (slow inward current following the instantaneous or ohmic inward current decline) by calculating the difference between the instantaneous peak current at the command onset and the average of the steady state current within the last 100 ms just before the command offset of the hyperpolarization step. In most cases, when characterizing KCNQ currents, only one hyperpolarizing step of 20 mV was used. Additional hyperpolarizing steps of 40 and 50 mV were added to better investigate changes in the magnitude of KCNQ currents occurring in the stressed group of animals ( Fig. 5 ).
Firing pattern of mPFC pyramidal neurons
Current-clamp recordings of mPFC pyramidal were performed in both superficial (II/III) and deep (V) layers and revealed that 77% of neurons had a regular firing pattern profile and 23% of neurons had a bursting firing pattern profile in response to a depolarizing injected current pulses. Some of these recordings were performed in the presence of biocytin (0.5%) added into the intracellular recording solution to further confirm the localization of recorded neurons within cell layers of the mPFC.
Pharmacological agents
TTX, CdCl 2 , ZD7288, Retigabine, Linopirdine and XE991 were obtained from Tocris Bioscience. Biocytin was obtained from Thermo Scientific. Forskolin was obtained from Sigma-Aldrich. Alexa 488 was obtained from Molecular Probes.
Chronic stress paradigm
Chronic, daily treatment with FG7142 can induce seizures (S. C. Taylor et al., 1988) , and thus the effects of chronic stress on KCNQ currents utilized repeated restraint stress, which also impairs working memory function in rats (Hains et al., 2009; Shansky et al., 2006) . Sprague Dawley rats (6-12 old weeks, male) were restrained in plastic restraint tubes for 6 h/day for 21 consecutive days. Animals did not have access to food or water during the restraint period but had access to their regulated diet and unlimited water following stress exposure. Animals were monitored for signs of pain or distress during the stress procedure and immediately afterwards in their home cage. If they exhibited signs of acute pain or impaired health, rats were removed from the study.
Statistical analyses of the ex-vivo study
All data are presented as mean ± SEM. Unless otherwise stated, statistical significance (*p < 0.05; **p < 0.01 and ***p < 0.001) was tested using paired or unpaired Student's t tests (t-test) assuming unequal variance.
Behavioral analyses
Subjects: The behavioral experiments utilized young (2-3 months old) or aged (22 months old at purchase) male adult Sprague-Dawley rats (Harlan, now Envigo, East Millstone, NJ).
Performance of the delayed alternation task
Rats were trained in a delayed alternation task in a T-shaped maze (90 cm × 65 cm), as described in Murphy et al., 1996 . On the first trial, animals were rewarded for entering either arm. Thereafter, for a total of 10 trials per session, rats were rewarded only if they entered the maze arm which was not chosen previously. Between trials, the choice point was wiped with alcohol to remove potential olfactory cues. The intertrial delay was adjusted until a rat's performance showed stable baseline performance of~70-80% correct responses. Rats had to perform at stable baseline for at least two consecutive test sessions prior to subsequent drug treatment. Delays continued to be adjusted for each animal across the course of the study to maintain a baseline of~70-80%; delays ranged from "0" sec (~2sec from arm to start box), to 60sec across animals. Maintaining a consistent level of baseline performance at~75% correct allowed for detection of either improvement or impairment during drug administration.
Intra-PFC infusions
The effects of the KCNQ blocker, linopirdine, or the PKA inhibitor, Rp-cAMPS, on delayed alternation performance were tested through direct drug infusions into the mPFC, Young male Sprague-Dawley rats were implanted with chronic infusion cannulae directed above the prelimbic mPFC (anterior-posterior [AP] +3.2 mm; medial-lateral [ML] ± 75 mm; dorsal-ventral [DV] −4.2 mm). In the first experiment (n = 9), linopirdine (0.001 μg) was infused into both sides of PFC (0.5 μL/side) 15 min before testing and compared with vehicle. In studies investigating mechanisms underlying the FG7142 stress response, we tested whether infusion of linopirdine (0.0001-0.01 μg/0.5 μL/side; n = 6) or Rp-cAMPS (21 nmol/0.5 μL/side; n = 5) would prevent working memory deficits. As additive drug effects would interfere with interpretation of the data, it was important to find a dose of linopirdine or Rp-cAMPS that did not improve performance on its own. Thus, pilot experiments were conducted to identify the highest dose that had no effect on performance for each individual animal. This dose was then co-administered with FG7142. Linopirdine and Rp-cAMPS were purchased from Tocris Bioscience, Ellisville, MO, and dissolved and diluted in sterile saline. Animals were required to return to stable baseline testing before subsequent infusions; there was at least a oneweek washout between drug doses.
Systemic injections
The first set of experiments determined whether the detrimental effects of the pharmacological stressor, FG7142, could be reversed by intra-PFC infusion of Rp-cAMPS or linopirdine as described above. A dose of FG7142 (2.5-10 mg/kg, i.p., 30 min before testing) was identified in each rat that produced reliable impairment in delayed alternation performance but still allowed completion of all trials. The FG7142 response was then challenged with intra-PFC infusions drug or vehicle as described above. FG7142 (Tocris, Ellisville, MO) was finely ground and suspended in a saline vehicle containing Tween 80, hydroxybetacylodextrin and ethanol.
In a second set of experiments, the effects of systemic administration of the KCNQ blocker, XE991 (Tocris, Ellisville, MO), were examined on delayed alternation performance (i.p., 15 min prior to testing). The first experiment examined XE991 effects (0.001-2.5 mg/kg) in young adult rats (n = 11). A second experiment evaluated the effects of XE991 (0.001-1.0 mg/kg) in aged rats (n = 10).
Statistical analyses of behavioral studies. Analyses were performed using SPSS. Within-subjects one-way or two-way ANOVA and pairedsamples t tests were used to test drug effects on % correct compared to vehicle or FG7142 conditions.
Results

Anatomy
KCNQ2 immunostaining in mPFC
KCNQ2 subunits were localized using a monoclonal antibody against the intracellular N-terminus of the KCNQ2 protein.
Immunoreactivity was widespread in all layers of mPFC ( Fig. 1A) . Directly relevant to our physiological recordings, KCNQ2 channels were found in the soma and along the principal apical dendrites of layer V ( Fig. 1B ) and layers II/III (Fig. 1C ) pyramidal neurons. The punctate neuropil labeling likely reflects KCNQ2 channel expression in fine processes such as in dendritic spines, as omission of the primary antibody eliminated all signal ( Fig. 1D ).
Physiology
Overview
KCNQ currents were recorded in pyramidal cells from ex-vivo mPFC slices, using the deactivation protocol described by Adams et al. (1982) (Adams et al., 1982) . Briefly, KCNQ current was activated by depolarizing the cell membrane from its resting potential of~−63 mV to a holding potential of −40 mV for 1 s in the presence of Na + , Ca 2+ and HCN channel blockers. This elicits an outward steady state current termed I Out (indicated by the broken line in Fig. 2 ) driven by outward potassium currents, including KCNQ channel opening. When this current was deactivated by a hyperpolarizing step (20 mV for 1 s), it revealed the typical slow relaxation of KCNQ currents at the onset of the hyperpolarizing pulse, as shown on Fig. 2A . This protocol was repeated three times (3 sweeps) before returning the cell to its resting membrane potential. For the sake of clarity, only one sweep is illustrated in the figures.
Characterization of KCNQ currents in mPFC pyramidal neurons
The outward potassium current (Iout) reached at the depolarizing membrane potential was significantly reduced by 46% after addition of the KCNQ-selective channel blocker XE991 (10 μM). I out decreased from 208 ± 39 pA to 95 ± 27 pA; n = 5, p < 0.001, Student's paired ttest; Fig. 2A ). The KCNQ-selective channel blocker XE991 (10 μM) also decreased the slow relaxation amplitude of KCNQ channels (measured by the difference of the peak amplitude between the hyperpolarizing pulse and the steady state current) from 24.6 ± 4.83 pA to 8.68 ± 1.28 pA (p = 0.01, Unpaired Student t-test). Following recording, mPFC slices were fixed and saved for post-hoc analysis. We found that 3/5 cells were recorded from layers II/III, 1/5 was from layer V. These results indicate that KCNQ currents can be recorded from pyramidal cells in layers II/III and V of the mPFC.
To further confirm the presence of KCNQ currents in mPFC pyramidal cells, we investigated the effects of retigabine (10 μM), which increases the open state of KCNQ channels by shifting their activation curve to negative potentials (Tatulian et al., 2001; Wickenden et al., 2000) . As shown in Fig. 2B , retigabine increased the Iout by 180% (control: I out = 141 ± 40 vs. retigabine: I out = 262 ± 54 pA, n = 6 p < 0.01). Retigabine also increased the slow relaxation amplitude of KCNQ channels from 24.7 ± 1.9 pA to 41 ± 2.2 pA, n = 6 (p < 0.01 Student paired t-test).
In summary, the expression of KCNQ2 subunits in mPFC layers II/III and V, as well as the efficacy of KCNQ-specific compounds on Iout currents, indicate the presence of functional KCNQ channels in mPFC pyramidal neurons.
KCNQ potassium currents regulate the firing rate of mPFC pyramidal neurons
One of the major roles of KCNQ channels is to regulate the intrinsic excitability of neurons (Greene and Hoshi, 2017) , limiting the generation of action potentials and therefore controlling neuronal firing patterns (Gu et al., 2005; Guan et al., 2011; Yue and Yaari, 2004) . Thus, we examined how manipulations of KCNQ channels would change the firing patterns of mPFC pyramidal neurons.
We first tested the effects of the KCNQ-selective channel blocker XE991 (10 μM) on mPFC pyramidal neuronal firing. We found that the KCNQ-specific channel blocker, XE991 (10 μM), significantly increased firing of mPFC pyramidal cells. The number of action potentials (APs) increased from 10 ± 1.65 to 21 ± 3 (250 pA, 300 ms, p < 0.05, paired Student t-test, n = 6, Fig. 3A ) with a significant change in the input resistance (R in ), which increased from 121.4 ± 12.5 MΩ in control to 191 ± 32 MΩ under XE991, p < 0.05). We also found that KCNQ channel blockers significantly reduced the spike onset time bỹ 38%, (Control: 13.64 ± 3.11 ms to 8.35 ± 2.2 ms under XE991, p < 0.05 Student t-test, n = 6, Fig. 3A ). Because 10 μM of XE991 has been reported to block additional, non KCNQ channels (Elmedyb et al., 2007; Wladyka and Kunze, 2006) , we tested a lower concentration and found that 3 μM of XE991 also produced a significant increase to 220 ± 34% in the number of action potentials (p < 0.05 Student ttest, n = 4, data not shown).
Similar effects were found with the KCNQ channel blocker, linopirdine (10 μM), which also increased the number of action potentials from 9.87 ± 0.61 to 17 ± 1.6 in response to injected depolarizing current (250 pA, 300 ms, p < 0.05, paired Student t-test, n = 10, Fig. 3B ). Because all cells recorded in this set of experiments showed a linear relation when the change in firing was plotted against the increased amplitude of depolarizing current, we concluded that they might all belong to the regular profile type of firing (van Aerde and Feldmeyer, 2015) .
Conversely, increasing the open state of KCNQ channels with retigabine decreased the firing of mPFC pyramidal cells (Fig. 4) . In this set of experience, recorded cells (n = 15), exhibited two different types of firing patterns. One group, had a regular firing profile (10/15), as shown by the linear input-output relationship in response to increasing depolarizing current (Fig. 4A, upper right graph) . In contrast, the bursting profile neurons (5/15) typically had a non-linear input-output Fig. 2A ) and of the specific KCNQ channel opener (Retigabine, 10 μM, Fig. 2B ). Each panel shows an example of a mPFC pyramidal neuron filled with an inert fluorescent dye (Alexa 488) during whole-cell recordings and a representative trace of I M -KCNQ currents in response to a depolarizing voltage step from cell's resting membrane potential (~−63 mV) to a holding potential of −40 mV for 1 s followed by a hyperpolarizing step of 20 mV for 1 s. This protocol elicits a steady state or outward current (I Out ) driven by potassium channels opening, including KCNQ channels (indicated by the broken line) followed by the typical relaxation of KCNQ currents at the onset of the hyperpolarization pulse. These recordings were performed in the presence of Na + , Ca 2+ and HCN blockers. Note the decrease (A) and the increase (B) of KCNQ currents (represented by I Out ) after bath application of XE991 and Retigabine, respectively. Graphs showing the individual and mean values of I Out (**p < 0.01, *** < 0.001, paired Student's ttest).
relationship, showing a modest rising phase in the firing frequency in response to increasing depolarizing current, Fig. 4 A, lower right  graph) .
In the regular-firing type of neurons, bath application of retigabine (10 μM) decreased the number of APs from 6.8 ± 0.65 to 0.66 ± 0.3 (p < 0.01, n = 10) in response to depolarizing current (250 pA, 300 ms) and from 10.6 ± 1.5 to 2 ± 0.7 (p < 0.05, n = 10) in response to higher level of depolarizing current (350 pA, 300 ms). In the bursting-firing type group of neurons, the number of APs decreased from 4.71 ± 0.36 to 1.33 ± 0.42 (n = 5, p < 0.05) in response to Fig. 3 . Pharmacological inhibition of KCNQ channels increases the firing rate of mPFC pyramidal cells. Current-clamp recordings of action potentials (APs) in mPFC pyramidal neurons before and after specific KCNQ channel blockers, XE911 (A) and linopirdine (B). A. mPFC pyramidal neuron filled with an inert fluorescent dye (Alexa 488) during whole-cell recordings with a representative trace of APs in response to intracellular depolarizing current (150 pA, 300 ms) before and after XE911 (10 μM). B. Another specific KCNQ channels blocker, linopirdine also increased the number of APs evoked by a depolarizing square pulse (150 pA, 300 ms) Note the significant increase in the APs number and the earlier onset of APs under two different KCNQ blockers. *p < 0.05, **p < 0.01, paired Student's t-test. Fig. 4 . Pharmacological opening of KCNQ decreased firing rate of mPFC pyramidal cells. A, Representative traces of regular and bursting firing type of mPFC pyramidal neuron before and after bath application of retigabine (10 μM) in response to a short pulse (300 ms) of intracellular depolarizing current. Both traces top (regular) and bottom (bursting) were evoked by same level of stimulation (150 pA). The cell filled with an inert fluorescent dye (Alexa 488) during whole-cell recording corresponds to the bursting type of neuron. Note the progressive decrease in the number of APs following retigabine application over time in a regular firing type of neuron B, Representative trace of a regular and bursting firing type of mPFC pyramidal neuron in response to a longer pulse of stimulation (5 s, 250 pA) with an example of the regular firing neuron type filled with an inert fluorescent dye (Alexa 488) during wholecell recordings. Longer pulse of stimulation confirmed that retigabine-decreasef the firing frequency in both type of neurons, as shown in the bar graph where the number of APs has been normalized to control (pre-drug treatment). "*"p < 0.05, **p < 0.001 and *** < 0.0001, paired Studen's t-test.
depolarizing current (250 pA, 300 ms) and from (5.66 ± 0.33 to 1.5 ± 0.3, p < 0.01) in response to higher level of depolarizing current (350 pA, 300 ms). Using a longer pulse of depolarizing current (5 s, 250 pA), we further confirmed the effect of retigabine on the two different group of firing profile. In the regular neurons, retigabine decreased the number of action potentials from 36 ± 6.93 to 0.66 ± 0.33 (p < 0.05, n = 5, Fig. 4B ) and in bursting type of neurons, retigabine decreased the number of APs from 6.43 ± 1.2 to 1.8 ± 0.2 (p < 0.05, n = 5, Fig. 4B ). Regardless of the firing profile, we found that retigabine significantly decreased firing in both (regular and bursting) type of neurons, as shown in the summary graph of Fig. 4B , in which the number of APs has been normalized to the control condition (pre-retigabine treatment), the percentage of APs is decreased to 16.16 ± 6% after retigabine (10 μM) treatment (p < 0.001, t-test paired, n = 15).
Following application of retigabine, Rin decreased from 136 ± 15 MΩ to 95 ± 15 MΩ (p < 0.05, n = 15), suggesting that retigabine decreased mPFC cell firing through opening of KCNQ channels.
Fig. 5. cAMP-PKA signaling increases KCNQ currents and reduces the firing of mPFC pyramidal cells.
Voltage-clamp recordings of I M -KCNQ currents (A) and current-clamp recordings (B) of mPFC pyramidal neurons, filled with an inert fluorescent dye (Alexa 488) during whole-cell recordings, before and after bath application of the cAMP-PKA signaling activator, forskolin (10 μM). Raising cAMP with forskolin increased KCNQ currents and decreased firing in mPFC pyramidal cells. A. Representative trace of KCNQ currents in response to a depolarizing voltage step from cell's resting membrane potential (~−63 mV) to a holding potential of~−40 mV for 1 s followed by a hyperpolarizing step of 20 mV for 1 s. Note the increase in I Out amplitude under forskolin quantified in the summary graph. The relaxation amplitude of KCNQ current was also quantified in this set of experiment in response to 3 different hyperpolarizing voltage steps (20, 40 and 50 mV). Note the significant increase in the KCNQ relaxation magnitude at all hyperpolarizing voltage steps tested (**p < 0.01, paired Student's t-test, n = 3) B. Current-clamp recordings of APs in response to intracellular depolarizing current (250 pA, 300 ms) in a regular firing type of mPFC pyramidal neurons showing a significant decrease of the number of APs in presence of forskolin (*p < 0.05, **p < 0.01, paired Student's t-test, n = 7).
Driving cAMP-PKA signaling increases KCNQ currents in mPFC pyramidal cells
As PKA signaling increases the open probability of KCNQ2 channels, we next tested whether activating cAMP-PKA signaling with forskolin would increase KCNQ currents. Using the same protocol as described in Fig. 2 , we found that forskolin (10 μM) significantly increased the I out current, as well as the relaxation magnitude of KCNQ currents. Depolarizing mPFC pyramidal neurons under forskolin increased I out current amplitude from 185 ± 13 to 372 ± 68 pA (p < 0.01, Student paired t-test, Fig. 5A ). Forskolin also increased the KCNQ relaxation at all voltage steps tested (20, 40 and 50 mV). For example, at 20 mV hyperpolarizing step, the KCNQ relaxation magnitude increased from 23.84 ± 2.72 pA to 47.57 ± 2.02 pA (p < 0.01, Student paired t-test, n = 3, Fig. 5A ).
The effects of forskolin were also tested on pyramidal cell firing in response to depolarizing current steps. Under forskolin (10 μM), the number of APs significantly decreased from 5.63 ± 1.11 to 2.43 ± 0.9 in response to depolarizing current (250 pA, 300 ms) and from 11.62 ± 1.52 to 6 ± 1.3 in response to higher level of depolarizing current (450 pA, 300 ms, p < 0.05 and p < 0.01, respectively, n = 7, Student paired t-test, Fig. 5B ). The forskolin treated neurons presented all a regular spiking profile of neurons, as indicated by the linear relation of the firing frequency with increasing amplitude of injected current.
To further prove that stimulation of cAMP signaling, as it may occur during stress decreases mPFC cell firing through opening of KCNQ channels, we next mimicked stress condition by raising levels of cAMP with forskolin and recorded mPFC pyramidal neurons in gap-free current-clamp mode at a holding potentials slightly subthreshold for spiking (~−50 mV) to mimic the active "recurrent" network that occurs during WM task (Goldman-Rakic, 1995) . Forskolin (10 μM) was first applied alone (for 10 min) and then co-applied with 10 μM of linopirdine. As shown in Fig. 6 , we found that pyramidal neurons fired either with a regular pattern or with a burst pattern of action potentials when held at subthreshold membrane potentials. Bath application of forskolin reduced the number of APs from 521 ± 6.64 to 43 ± 2.91 (p < 0.001, paired student's t-test, n = 3) in regular type of neurons; further addition of linopirdine rescued this decrease in firing, as the number of APs increased from 43 ± 2.91 to 377 ± 37.6 (p < 0.01 paired Student t-test, n = 3, Fig. 6A ). This result is consistent with the significant increase in the inter-spike interval from 89.2 ± 1.47 to 1126 ± 287 ms (p < 0.01) under forskolin and with further decrease in the inter-spike interval to 121.3 ± 1.4 ms after addition of linopirdine (p < 0.01 paired Student t-test, n = 3, Fig. 6A ). In the bursting type of neurons, bath application of forskolin reduced the number of APs from 121 ± 6.65 to 16.5 ± 2.91 (p < 0.01, paired student's ttest, n = 3); further addition of linopirdine rescued this decrease in firing, as the number of APs increased from 16.5 ± 2.91 to 124 ± 32 (p < 0.01 paired Student t-test, n = 3, Fig. 6B ). As in the regular type of firing, bath application of forskolin increased the inter spike interval from 174 ± 11.63 to 1092 ± 340 ms (p < 0.01 paired Student t-test, n = 3, Fig. 6B ) and further addition of linopirdine reduced the inter spike interval to 202 ± 17 ms p < 0.01 paired Student t-test, n = 3, Fig. 6B ). These data indicate that forskolin-induced rise in cAMP-PKA signaling decreased mPFC cell firing by increasing the activity of KCNQ channels.
Chronic stress exposure induces an increase in KCNQ currents
Stress exposure, like forskolin, increases cAMP-PKA signaling in the rat mPFC (A. F. Arnsten, 2015) . Thus, we tested whether KCNQ currents were increased in pyramidal cells from rats that had been exposed to chronic restraint stress. We found that chronic stress exposure significantly increased the magnitude of KCNQ currents (I out in stressed animals was 587 ± 82 pA, n = 7 vs I out in controls: 182 ± 23 pA, n = 11, p < 0.001, Student unpaired t-test, Fig. 7A ). The relaxation amplitude of KCNQ currents in response to hyperpolarizing steps was also increased by 230%. For example, at 20 mV hyperpolarizing step, the relaxation amplitude increased from 19.19 ± 6.62 pA, (n = 11) to 44.44 ± 5.62 pA (n = 7, p < 0.001, Student unpaired t-test, Fig. 7A ). Post-hoc analysis of recorded cells revealed that 6/7 neurons were located in layer II/III mPFC (cell filling was unsuccessful for the 7th neuron).
A second experiment examined the effects of chronic restraint stress on mPFC neuronal firing rates. We found that chronic stress exposure significantly reduced the firing rate of regular type of neurons without changing the firing rate of bursting type. APs of regular firing decreased from 6.75 ± 0.92 to 2.28 ± 0.3 (p < 0.01) and from 9.2 ± 0.77 to 5.5 ± 0.71 (p < 0.05) in chronically-stressed animals in response to depolarizing current (350 and 450 pA, respectively, n = 30 (control) and n = 6 (stress), Student unpaired t-test, Fig. 7B ). However, APs of burst-firing neurons was unchanged by stress exposure (control: 6.16 ± 2.23, n = 11 vs. stress: 5.16 ± 0.3, n = 6, p = 0.3, 450 pA, 300 ms, Student unpaired t-test, Fig. 7C ). Post-hoc analysis of the regular firing neurons from stressed rats revealed that 3 neurons were located in layers II/III, 2 neurons was located in layer V, and 1 neuron were unidentified because of poor cell filling.
Behavior
Blocking KCNQ channels in rat mPFC improves spatial working memory performance
To test the functional significance of these physiological data, we first examined the effects of blocking KCNQ channels in mPFC on spatial working memory (WM) performance. Rats were tested on the spatial delayed alternation task in a T maze, a task that requires WM, decisionmaking, behavioral inhibition, and depends upon the integrity of the mPFC (Larsen and Divac, 1978) . This is the same task used to document WM deficits with stress (Murphy et al., 1996; Shansky et al., 2006) , increased catecholamine, calcium-cAMP-PKA signaling (J. R. Taylor et al., 1999; J. Zahrt et al., 1997) , or advanced age (Ramos et al., 2003) .
The KCNQ channel blocker, linopirdine, was used in the current study to facilitate translational significance, as we have previous experience with this compound in patients with Alzheimer's Disease (van Dyck et al., 1996) . We tested the effects of linopirdine infusions aimed just above the prelimbic mPFC, the same site where infusions of D1 receptor agonists or cAMP-PKA activators have been shown to impair task performance (J. R. Taylor et al., 1999; J. Zahrt et al., 1997) , and where KCNQ currents were recorded in ex-vivo mPFC slices in the current study. Bilateral intra-PFC infusion of a low dose of linopirdine, significantly improved performance in the delayed alternation task in young adult rats. Delays were adjusted such that the rats performed at about 75% correct (average of 74.4 ± 3.1% correct) following vehicle infusions, thus leaving room for either impairment or improvement in task performance with drug treatment. Infusion of a low dose of linopirdine (0.001 μg/0.5 μL) significantly improved performance (84.4 ± 4.0% correct, p = 0.017, n = 9, paired T test) compared to vehicle control (Fig. 8A) .
KCNQ potassium channels in mPFC contribute to FG7142-induced cognitive deficits
Given that stress activates cAMP signaling in the mPFC, we tested whether cAMP-PKA opening of KCNQ channels contributes to stressinduced WM deficits. The anxiogenic pharmacological stressor, FG7142, was utilized, as this agent produces a stable stress response, i.e. animals do not habituate or sensitize with repeated weekly exposure needed for within-subjects comparisons (N. J. Gamo et al., 2015) . FG7142 induces a stress response similar to classic stressors (Leidenheimer and Schechter, 1988; Major et al., 2009) , produces changes in WM performance similar to those seen with restraint stress (Shansky et al., 2006) , and has been the focus of previous research on the molecular mechanisms underlying stress-induced PFC dysfunction as summarized above.
A dose of FG7142 (between 2.5 and 10 mg/kg, i.p.) was identified for each rat that produced reliable impairment in delayed alternation performance, but still allowed completion of all trials. FG7142 impaired WM performance compared to non-stress control rats administered vehicle into the mPFC (p < 0.001, n = 5, Fig. 8B-C) . Intra-mPFC infusion of the cAMP-PKA signaling inhibitor, Rp-cAMPS (21 nmol/ 0.5 μL), at a dose that has no effect on performance in non-stressed rats, significantly reduced stress-induced WM deficits (p < 0.05 compared to FG7142 + vehicle, n = 5, Fig. 8B ). Rp-cAMPS + FG7142 was indistinguishable from vehicle control (p > 0.9).
A parallel experiment examined the effects of KCNQ channel blockade in mPFC on the stress response. A dose of the KCNQ channel blocker, linopirdine, (0.0001-0.01 μg/0.5 μL) was identified that had no effect on its own, to prevent additive effects of the drug treatments (Fig. 8C) . Intra-mPFC infusion of linopirdine significantly ameliorated the detrimental effects of FG7142 exposure on WM performance (p < 0.02 compared to FG7142 + vehicle infusion, n = 6, Fig. 8C ). Performance following FG + linopirdine was still significantly lower than vehicle control (p < 0.02). It is possible that a cognitive-enhancing dose of linopirdine may have been more effective, but this would have confounded interpretation of the data. It is also possible that HCN channels must also be blocked to fully ameliorate cognitive deficits. In contrast to infusions in the mPFC, control infusions of linopirdine into the premotor cortex dorsal to the PFC did not rescue performance in stressed rats (average of 50% correct; p > 0.8, n = 5). As the Rp-cAMPS or linopirdine treatment had no effect when given alone, additive drug effects could not explain the blockade of the FG7142 response. Instead, these results are consistent with PKA opening of KCNQ channels in mPFC contributing to stress-induced cognitive impairment.
Systemic administration of low doses of KCNQ blockers improves working memory performance in young adult and aged rats in-vivo
Given the enhancing effects of KCNQ blockade in mPFC, we further examined whether systemic administration of XE991 would improve WM in young adult or aged rats in order to assess potential therapeutic use. The first experiment examined the effects of XE991 in young adult rats, including a high dose (2.5 mg/kg) that was known to improve long-term memory consolidation and hippocampal plasticity in mice (Fontán-Lozano et al., 2011) . XE991 produced an inverted U dose response curve in young adult rats (Fig. 9A) . Although there was individual variation in sensitivity to the drug (e.g. Fig. 9B ), a lower dose (0.001-1.0 mg/kg) could be found in 10/11 rats that improved performance compared to vehicle control (p < 0.001, n = 8, Fig. 9A ). In Fig. 6 . Blocking KCNQ channels with Linopirdine reversed the Forskolin-induced decrease in mPFC pyramidal neuronal firing. Representative current-clamp recordings of regular type (A) and bursting (B) type of firing recorded in gap free mode before and after bath application of forskolin alone and then followed by co-application of forskolin with linopirdine (10 μM each). Note that Forskolin decreases firing in both (regular and bursting) type of mPFC pyramidal neurons. This decrease was reversed by addition of KCNQ channels blocker linopirdine. Histograms showing the number of actions potentials (APs) and the number of inter-spike interval (within 500 ms bin period) before and after bath application of forskolin alone and co-application of forskolin with linopirdine. (***p < 0.001 and **p < 0.01, paired Student ttest).
(caption on next page) A.F.T. Arnsten, et al. Neurobiology of Stress 11 (2019) 100187 contrast, the higher 2.5 mg/kg dose that improved long-term memory consolidation in previous studies significantly impaired WM performance in this study (p < 0.02, n = 12, Fig. 8B ). Five rats were unable to test following this dose and thus were given scores of "0"; this may have reflected covert side effects such as subthreshold seizures. Aged rats have naturally occurring increases in PKA activity in mPFC that impair WM function (Ramos et al., 2003 ). Thus, we tested whether lower dose XE991 treatment (< 1.0 mg/kg) might improve Fig. 7 . Chronic stress exposure increases KCNQ currents in mPFC pyramidal cells A. Representative trace of KCNQ currents in response to a depolarizing voltage step from cell's resting membrane potential (~−63 mV) to a holding potential of~−40 mV for 1 s followed by a hyperpolarizing step of 20 mV for 1 s in control and in stressed group of animals. Note that chronic stress exposure significantly increased I Out amplitude (**p < 0.01, unpaired Student's t-test) and the relaxation amplitude of KCNQ currents induced by 20 mV hyperpolarizing step (**p < 0.01, unpaired Student's t-test), and by 30 and 40 mV hyperpolarizing steps (*p < 0. 05, . B and C Current-clamp recordings of APs in response to intracellular depolarizing current (450 pA, 300 ms) in regular-firing (B) and in bursting firing (C) type of mPFC pyramidal neurons in control and stressed group of animals. Graphs showing the effect of stress on the number of action potentials with increasing depolarizing currents. Note that chronic stress exposure reduced firing in the regular-type (**p < 0.01 and *p < 0.05, unpaired Student's t-test) but not in the bursting-type of mPFC pyramidal cells. All recorded cells presented in this figure were filled with an inert fluorescent dye (Alexa 488). Interestingly, the regular firing-type of cells that were affected by chronic stress exposure were located in both (II/III) and (V) cell layers. Fig. 8 . Blockade of KCNQ channels within mPFC improves delayed alternation performance and prevents stress-induced working memory deficits A. Infusion of the KCNQ blocker, linopirdine (0.001 μg/0.5 μL) into the rat mPFC improves working memory performance in young adult rats (**p < 0.02; n = 6). B. Infusion of the PKA inhibitor, Rp-cAMPS, into the rat mPFC blocked the delayed alternation deficits induced by the pharmacological stressor, FG7142, in young adult rats. A dose of Rp-cAMPS was chosen for each rat that had no effect on its own to prevent additive effects (**p < 0.001 compared to vehicle; †p < 0.05 compared to FG7142; n = 5). C. Infusion of the KCNQ blocker, linopirdine, into the rat mPFC blocked the delayed alternation deficits induced by the pharmacological stressor, FG7142, in young adult rats. A dose of linopirdine was chosen for each rat that had no effect on its own to prevent additive effects (**p < 0.001 compared to vehicle; †p < 0.02 compared to FG7142; n = 6). Fig. 9 . Systemic administration of the KCNQ blocker, XE991, has an inverted U dose-response on working memory performance in young adult rats A. Systemic injection of XE991 (0.001-2.5 mg/kg, i.p.) produced an inverted U dose-response curve on performance of the delayed alternation task in young adult rats (n = 12). A low dose was identified for each animal that improved performance. In contrast, the 2.5 mg/kg dose impaired performance. This high dose was chosen due to its enhancing effects on long term memory consolidation in mice (*p < 0.05; **p < 0.001 compared to saline control). B. Examples of XE991 dose-response curves in two young adult rats. Note that the drug appears to be more potent in rat 4 than in rat 5. Both are improved by lower doses and markedly impaired by the 2.5 mg/kg dose. The dashed lines represent the vehicle baselines for each individual rat. WM performance in aged rats (24 months). A lower dose of XE991 improved performance above vehicle control in 7/8 aged rats (p < 0.01, n = 8, Fig. 10A ). However, the inverted U dose-response observed in aged rats was less clear, and the drug had more variable effects, e.g. the same dose could improve performance at the initial administration (100% correct) but impair performance upon repetition (40% correct) within the same animal (Fig. 10B) , perhaps due to drug sensitization inducing subthreshold seizures. Importantly, we observed behavioral evidence of seizures in 2 aged rats following the 0.05 and 0.1 mg/kg doses, where animals briefly lay on their sides exhibiting repetitive, involuntary-like movements. These data caution that KCNQ blockers may be problematic as therapeutic treatments for cognitive impairment.
Altogether, these results suggest that increased levels of cAMP signaling with forskolin, stress or aging, decrease mPFC pyramidal cell firing and impair spatial WM performance through opening of KCNQ channels.
Discussion
This study found that rat mPFC pyramidal neurons express KCNQ2 channels, and that excessive opening of KCNQ channels reduces neuronal firing contributing to WM impairment. These data have particular clinical relevance, as the open state of KCNQ2 is increased by PKA signaling (Schroeder et al., 1998) , and both stress exposure and advanced age increase PKA activity and cause PFC dysfunction (A. F. Arnsten, 2015; Carlyle et al., 2014; Ramos et al., 2003) .
KCNQ currents in mPFC pyramidal cells exhibited properties qualitatively similar to those recorded in other neurons, e.g. retigabine increased KCNQ currents from layer V somatosensory cortical neurons (Battefeld et al., 2014) , or cell lines expressing KCNQ2/3 heteromers (Tatulian et al., 2001) . Importantly, driving PKA activity increased KCNQ currents and reduced neuronal firing, consistent with the behavioral data showing that KCNQ blockade in mPFC improved performance of a WM task, and that cognitive deficits induced by stress or aging could be ameliorated by KCNQ blockade. Altogether, the data suggest that KCNQ channels have powerful influences on mPFC cellular and cognitive function, and may contribute to the reduction in PFC activity with stress (Johansson et al., 2013) and advanced age (Wang et al., 2011) . However, the data also caution that systemic administration of KCNQ blockers may be problematic, as there was evidence of seizures following higher doses, particularly in aged animals.
Role in stress response
This study provides evidence that KCNQ channel opening contributes to stress-induced WM deficits. The behavioral data showed that impairments in delayed alternation performance arising from acute stress could be reversed by either PKA inhibition or KCNQ blockade in the mPFC, supporting this hypothesis. In addition, the physiological data showed that chronic stress increased KCNQ currents in the layers II/III mPFC pyramidal neurons known to be especially vulnerable to stress exposure . The chronic restraint paradigm used here has been previously shown to impair WM (Hains et al., 2009) and attention-set-shifting performance , both cognitive abilities dependent on mPFC. Interestingly, stress effects were limited to regular-firing neurons, which were located in both layers II/ III and V. It is possible that some of these neurons may correspond to the corticopontine neurons, which may contribute to the delay period of WM function (Dembrow et al., 2010) , and/or most likely to corticocortical neurons, which have a regular firing phenotype (Anastasiades et al., 2018) , and are especially sensitive to chronic stress exposure (Shansky et al., 2009) . The specific function of mPFC neurons that are stress-sensitive would be an important area for future research. The data suggest that greater KCNQ currents in chronically stressed rats would result in reduced PFC neuronal firing needed for higher cognitive function.
KCNQ actions in PFC vs. hippocampus
This study of prelimbic mPFC WM function parallels previous studies demonstrating KCNQ channel contributions to the ventral PFC regulation of emotion. For example, increased KCNQ actions can reduce infralimbic mPFC neuronal firing and weaken extinction of the conditioned fear response (Santini and Porter, 2010) . KCNQ actions in mPFC circuits have also been linked to alcohol consumption (Rinker et al., 2017) and sucrose palatability (Parent et al., 2015) . Here we expand on this body of work, demonstrating that KCNQ actions in mPFC contribute to cognitive deficits induced by stress or advanced age. Sustained hyperpolarization resulting from increased KCNQ may contribute to dendritic atrophy and WM deficit with chronic stress , which increases vulnerability to mental illness. Previous research has established that increased cAMP signaling with stress and advancing age contributes to PFC cognitive deficits by increasing the Fig. 10 . Low dose KCNQ blockade improves working memory performance in aged rats A. Systemic injection of an optimal low dose of XE991 (0.005-0.5 mg/kg, i.p.; n = 8) significantly improved performance of the delayed alternation task in aged rats (**p < 0.01). B. Example of an XE991 dose-response curve in aged rat 9. Note that the first time 0.1 mg/kg dosage was administered it markedly improved performance (noted by the "1"), but the second time this dose was given, it impaired performance (noted by the "2"). open state of HCN channels (Abel et al., 1997; A. F. Arnsten, 2015; Carlyle et al., 2014; N.J. Gamo et al., 2015; Li et al., 2014; Paspalas et al., 2013) . The current study builds on this foundation, revealing an additional role of KCNQ channels in PFC-related dysfunction.
cAMP-PKA signaling effects are distinct in PFC vs. hippocampal circuits, and these distinctions may extend to KCNQ actions as well. In contrast to cAMP weakening the WM functions of the PFC via opening of HCN and KCNQ channels, cAMP signaling strengthens the long-term memory functions of hippocampus through classic neuroplastic signaling events (Abel et al., 1997) . These differences are also seen in KCNQ channel actions in hippocampus, where stress exposure decreases the expression of KCNQ2/3 channels , in contrast to the increase in KCNQ currents we found in stressed mPFC. Additionally, a high dose of the KCNQ channel inhibitor, XE991 (2.5 mg/kg), that impaired WM in this study, improved long-term memory consolidation (Fontán-Lozano et al., 2011) . It is possible that the hyperexcitability induced by KCNQ channel blockade in mPFC pyramidal cells is sufficient to obscure the pattern of information held in WM, whereas the same degree of excitability in hippocampus may facilitate increased neuronal activity needed for long term memory consolidation.
Role in aging
cAMP-PKA signaling becomes dysregulated in the aging rat and monkey PFC, at least in part due to loss of the phosphodiesterase, PDE4A (Carlyle et al., 2014; Ramos et al., 2003) . Loss of WM-related neuronal firing with advancing age in monkey dlPFC is improved KCNQ blockers (Wang et al., 2011) , suggesting that elevated PKA signaling erodes WM by increasing the activity of KCNQ channels in the aged PFC. Forskolin induced elevated cAMP-PKA can also affect the activity of other ion channels but its effect on KCNQ current and on mPFC cell firing is consistent with what we obeserve after modulating KCNQ channels with retigabine.
These data provide the first direct evidence that elevated cAMP-PKA signaling in PFC, as occurs with advanced age and stress, reduces neuronal firing and cognitive function by increasing the open state of KCNQ channels. Given the powerful effect of these channels on PFC pyramidal cell excitability, this is a significant mechanism for regulating the strength of top-down PFC function.
Clinical relevance
In addition to stress and aging, KCNQ actions likely contribute to impaired PFC function in mental illness. Altered splice variants of KCNQ2 are linked to bipolar disorder (Borsotto et al., 2007) , where manic episodes are driven by stress exposure (Hammen and Gitlin, 1997) and are associated with hypoactivity of PFC (Blumberg et al., 2003) . Lithium treatment of bipolar disorder is thought to involve inhibition of GSK3ß signaling, and there is recent evidence that GSK3ß increases the open state of KCNQ2 channels (Kapfhamer et al., 2010) . Thus, the loss of top-down PFC regulation of behavior during bipolar mania may involve increased KCNQ2 channel actions.
KCNQ-targeting compounds are already in widespread clinical use. Retigabine (marketed as Ezogabine in the USA), which increases the open state of KCNQ channels, has been prescribed as an anticonvulsant (Amabile and Vasudevan, 2013) . Interestingly, common side effects of this medication include cognitive deficits such as confusion, speech disorder, amnesia and abnormal thinking (Porter et al., 2007) , as well as aggression, difficulties with concentration and even psychosis (FDA. gov), all signs consistent with PFC dysfunction. The current results suggest that some of these side effects may arise from excessive reduction in PFC neuronal firing.
Conversely, KCNQ blockers have been considered as potential treatments for cognitive impairment (Gribkoff, 2003) . Although these data indicate that systemic treatment with a KCNQ blocker can improve WM at low doses, the data also caution that risk of seizures, e.g. due to neuronal hyperexcitability, could be problematic. Seizures were observed in two aged rats, and subthreshold seizures might have contributed to marked cognitive impairment following high doses in both young and aged animals. These data suggest that other, more indirect modulation of KCNQ channel open state, e.g. through inhibition of cAMP-PKA signaling, may be more appropriate for treatment of cognitive impairment.
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